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Abstract 

The asymmetric dark matter scenario is known to give an interesting 
solution for the cosmic coincidence problem between baryon and dark 
matter densities. In the scenario, the dark matter asymmetry, which is 
translated to the dark matter density in the present universe, is trans- 
ferred from the B — L asymmetry generated in the early universe. On the 
other hand, the generation of the B — L asymmetry is simply assumed, 
though many mechanisms for the generation are expected to be consistent 
with the scenario. We show that the generation of the asymmetry in the 
sneutrino inflation scenario works similarly to the asymmetric dark mat- 
ter scenario, because the nonrenormalizable operator which translates 
the B — L asymmetry to the dark matter asymmetry is naturally ob- 
tained by integrating right-handed neutrinos out. As a result, important 
issues concerning cosmology (inflation, the mass density of dark matter, 
and the baryon asymmetry of the universe) as well as neutrino masses 
and mixing have a unified origin, namely, the right-handed neutrinos. 



1 Introduction 



Thanks to recent cosmological observations such as the WMAP (Wilkinson Microwave 
Anisotropy Probe) experiment PQ, we now know the energy budget of our Universe; 
the baryon density of the universe is Qb ~ 0.04, while that of dark matter (DM) also 
is in the same order, which is five times larger than Qb {&dm ~ 5fi#). One of the 
interesting explanations of its origin is found in the "asymmetric dark matter (ADM)" 
scenario [2], where the existences of both dark and antidark matters are postulated. 
Dark and antidark matters are interacting with standard model (SM) particles in the 
early universe, which leads to DM ~ B with DM and B being asymmetries of dark 
matter and baryon, so that above relation between Qdm and Qb holds naturally when 
the mass of the dark matter is in an appropriate order. The ADM scenario can be 
realized when there is a messenger interaction which transfers the baryon (lepton) 
number to the dark matter number. Because of this excellent explanation between 
dark matter and baryon densities, several studies have been performed so far [3]- [9]. A 
similar scenario has also been proposed in a context of technicolor-like setup [10] . 

In the ADM scenario, the B — L (baryon — lepton) asymmetry is simply assumed 
to be generated by some mechanism, which is distributed to baryon and dark matter 
asymmetries through sphaleron and ADM messenger interactions. Several mechanisms 
to generate the asymmetry such as the leptogenesis [TT] are expected to be suitable 
for the ADM scenario [9]. Among those, we show that the B — L generation in the 
sneutrino inflation scenario [12J works similarly to the ADM scenario. The sneutrino 
inflation is known to be one of the most attractive scenarios to generate the B — L 
asymmetry, because it allows us to explain not only the asymmetry but also inflation 
and neutrino masses and mixing, simultaneously. Interestingly, it can be shown that, 
when we simply add the dark and antidark matter fields to the Lagrangian of the 
sneutrino inflation, the most important ingredient of the ADM scenario, namely the 
ADM messenger interaction can be derived naturally as a nonrenormalizable operator 
suppressed by an appropriate energy scale. As a result, important cosmological issues 
(inflation, dark matter and baryon mass densities of the universe) and neutrino masses 
and mixing have the same origin in the model of sneutrino inflation with the ADM. 

In what follows, we first show our setup, where the Lagrangian of the sneutrino 
inflation with the ADM fields is given. In the construction of the Lagrangian, the Z^r 
discrete symmetry, which is the subgroup of U(1)r, is imposed in order for the ADM 
messenger interaction to play a crucial role. We next consider the thermal history of 
our Universe described by the Lagrangian and show that the dark matter and baryon 
asymmetries in the present Universe are generated in this framework. Though the 
purpose of this paper is to give an idea of the sneutrino inflation with the ADM, we 
also present some numerical results to show that the scenario does work quantitatively. 
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2 Setup 



We first show the setup of our scenario, where the SM gauge singlet fields X and X 
are introduced. Fermionic components of these superfields are nothing but dark and 
antidark matter fields, respectively. On the other hand, we assume that their scalar 
components have positive soft-SUSY breaking masses and are heavy enough compared 
to the fermionic components. The charges of the Z^r discrete symmetry, which is a 
part of U(1)r, and the lepton number of these fields are assigned as follows. 





X X 


U(1)l 


i —i 
-1/2 1/2 



With the use of the charge assignments and considering a renormalizable theory (it can 
be, therefore, regarded as a UV completion theorjQ), the superpotential is given by 

W = Wnmssm - \m i3 N^N^ - mil + H U N'L, + jN?X 2 + X X SXX, (2.1) 

where is the lepton doublet of the i-th generation (i = 1,2,3), H u ( d ) is the Higgs 
doublet giving the masses of up (down) type quarks, S is the singlet field predicted 
in the next-to-minimal supersymmetric standard model, and N? is the right-handed 
neutrino with the Majorana mass (My) which breaks U(1)l- The U(1)l symmetry is 
postulated to be softly broken, so that it is broken only by My. We take the basis where 
m and My is real (orthogonal) by the redefinitions of X, X, and iV? fields. On the 
other hand, the Yukawa coupling and Ki is still complex on this basis, which plays 
a crucial role for the generation of the B — L asymmetry. The superpotential of the 
next-to-minimal supersymmetric standard model (NMSSM) is denoted by Wnmssm- 

In this setup, one of the right-handed sneutrinos is regarded as the inflaton to drive 
the chaotic inflation of the very early Universe [13] 0- With the Planck scale M v \ being 
10 19 GeV, the anisotropy of the cosmic microwave background (CMB) induced from 
the inflation suggests 5T/T ~ 10(My/M p i) ~ 10" 5 [16]. The scale of the Majorana 
mass is therefore fixed to be of the order of 10 13 GeV. In the following discussions, we 
assume that all right-handed neutrinos have a common Majorana mass, M = 10 13 GeV, 
for simplicity. Among three right-handed neutrinos (^=1^,3), that with the smallest 
couplings is expected to act as the inflaton. We also assume that the right-handed 

*A minimum model which cannot be a UV completion theory is also considerable, whose superpo- 
tential is W = Wnmssm - {l/2)M lJ N l N j - mil + h.jHuNfL.j + (m /M m )X 2 LiH u + X X SXX. Here, 
M m is not related to Majorana masses of right-handed neutrinos, and it can take any energy scale. 

t In supergravity, the chaotic inflation using F-term with minimal Kahler potential is difficult, 
because the scalar potential has exponential factor. It is known that one can get the flat potential 
by using non- minimal Kahler potential |14j or D-term inflation [15|. In either case, the right-handed 
sneutrino can have large VEV, and act as the inflaton. 
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sneutrino of the first generation Ni has such a role. It is worth noting that the largest 
coupling of N\ among h^j and K\ sets the initial condition of the chaotic inflation, so 
that these couplings should be suppressed sufficiently. 

After integrating N? fields out from the potential in Eq.f l2.ip . we obtain higher- 
dimensional operators in the superpotential describing physics below the scale M, 

2 2 

W HD = -^-(LiH u )(LiH u ) + -^X 4 + ^LiH u X 2 , (2.2) 
2M V n ' 8M 2M K J 

where the coupling constant yi is obtained by diagonalizing the Yukawa coupling h\"\ 
which is given by the neutrino mass m U) i as \yi\ 2 = 2m v ^M/v 2 sin 2 (3 with the vacuum 
expectation value of the Higgs field to be v — 246 GeV. The higher-dimensional oper- 
ators change the lepton number L (AL = 2), which originates in the Majorana mass 
of right-handed neutrinos. Among those, the first one, (LiH u )(LjH u ), is the operator 
to create neutrino masses. Tiny neutrino masses observed by the oscillation experi- 
ments [T7] suggests that the mass of the right-handed neutrino (M) should be around 
10 13 GeV with \yi\ being (9(0.1-1), which is consistent with the scale required from 
the observation of the CMB anisotropy. The second one, A 4 , gives the self-interaction 
between antidark matters, which also changes the dark matter number and plays an 
important role to reduce the dark matter asymmetry to a suitable value required by 
observations. The last one, LiH u X 2 , is nothing but the operator which plays a crucial 
role for the mediation of the B — L asymmetry to the dark matter asymmetry in the 
early Universe. The nonrenormalizable operator of the ADM messenger interaction 
should be suppressed by the energy scale smaller than 10 14 GeV@ when the coefficient 
of the operator is 0(1) [7]. Interestingly, the scale of M required from both the ob- 
servations of the CMB anisotropy and the tiny neutrino masses satisfies the condition. 
As a result, the ADM messenger interaction, LiH u X 2 , works well to transfer the B — L 
to the dark matter asymmetries. 



3 Sneutrino inflation scenario with ADM 

We are now in a the position to discuss the thermal history of the Universe described 
by the model presented in the previous section. We will discuss how the inflation 
proceeds: the decay of the inflaton (Ni) generates entropy with the B — L asymmetry, 
the asymmetry is distributed to the SM and dark sectors through the sphaleron and 
ADM messenger interactions, and the baryon asymmetry and dark matter density at 

*Th.e upper bound of the scale M comes from the fact that the ADM interaction should not be 
decoupled before the Sphaleron process be activated, namely, the ADM interaction should be active, 
at least, at the temperature around 10 12 GeV. On the other hand, if the condition M > 10 9 GeV 
holds, the ADM interaction decouples before the Sphaleron process becomes inefficient, namely, the 
ADM interaction is not active when the temperature of the universe is below 100 GeV. 
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the present universe are determined, based on simple analytical descriptions on each 
phenomenon. There are four important phenomena in thermal history: the inflation, 
the reheating of the universe, generations of B — L and dark matter asymmetries, and 
determinations of dark matter and baryon densities in the present Universe. 

3.1 Inflation 

We have assumed that the right-handed sneutrino of the first generation N\ is regarded 
as the inflaton in our setup. The chaotic condition for the inflation [13] requires that 
coupling constants associated with the right-handed sneutrino, and k%, should be 
suppressed sufficiently in order for the N\ to act as the inflaton. Since the slepton and 
Higgs fields die away due to the fact that they obtain masses from the expectation 
value (N\) which is larger than the Hubble parameter H, the equation of the motion 
for the inflaton field turns out to simply be 

iVx + 3ifA + IWi + M 2 N 1 = 0, (3.3) 

where Ni is the amplitude of the inflaton field. The decay width of Ni is denoted 
by T and its explicit form is given by T = M(4^\ \hij\ 2 + |/? 1 | 2 )/(167r). The Hubble 
parameter is determined by the Friedman equation, H 2 = 8n p^J '(SM 2 ^, where p^ 
is the energy density of the inflaton Ni. Needless to say, the inflaton is rolling down 
the potential until the time H ~ M, and it gives a sufficient e-folding number to solve 
flatness and horizon problems of the standard big bang cosmology. 

3.2 Reheating 

The inflaton starts to oscillate coherently around the minimum of the potential after 
the time H ~ M. The amplitude of the oscillation is gradually decreasing due to the 
expansion of the Universe, and eventually the inflaton decays when H ~ V. Decaying 
products make up the thermal medium through their self-interactions and the universe 
is reheated up to the temperature Trh — O.l(rMpi) 1 / 2 . It is well known that the 
high reheating temperature often receives stringent constraints due to the gravitino 
problem. The relatively heavy gravitino are constrained from the big bang nucleosyn- 
thesis [18] . and the stable gravitino are constrained from the relic abundance [19J . We 
therefore simply assume that the gravitino mass is less than 0(lO)eV scale to avoid 
the constraints. The reheating process is quantitatively described by the following 
equations: 

fa + 3Hp^ + T Pf!i = 0, (3.4) 
p R +AHp R -Tp* =0, (3.5) 
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Figure 1: Energy densities of the infiaton (pfj) and the radiation (pr), and the total energy 
density (p^ + Pr) as a function of Tt. Here, p eq is the density at the time when p^ = pr. 



where pr is the energy density of the radiation originally from the decay of the infiaton. 
The Hubble parameter is then determined by H 2 = Stt(p^ i + pr)/(?,MV). In FigJIJ 
the energy densities and pr are shown as a function of Ft, where T is set to be 
10 _12 M. We set the time t — when H = M. It can be seen that the energy density 
of the infiaton is translated to that of radiation pr when t ~ 1/T. The total energy 
density + Pr is also shown in the figure, and its behavior is proportional to t~ 2 
(except the period t ~ 1/T) due to the expansion of the Universe. 

3.3 B — L and dark matter asymmetries 

The B — L and dark matter asymmetries (a BL and cldm) are also generated at the 
same time of the entropy production (the production of the radiationjl, where the 
asymmetries are quantitatively evaluated by following two equations, 

a BL + 3Ha BL = e BL T— - (12| y< | + |^| ) ^ - \y tKi \ 2 ,(3.6) 

1 oil r PNi fn\ |2 1 q| 2|2\ 21C3^ flOM I |2 231C3^~' a BL fo „s 

a DM + 3Ha DM = e DM T— - (2|^| + 3|«, | ) ~ M 25287r 3 M 2 A 7 ) 

where (3 = ((3) and the temperature of the universe T is given by T 4 = pr/ {j 2 g*/30) 
with the massless degrees of freedom g* = 232.5. Parameters e B L and €dm are asym- 



' Since the Sphaleron process is active after the inflation era, the lepton asymmetry generated by 
the infiaton decay is immediately transferred to the B — L asymmetry through the process. 
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Figure 2: Asymmetries of the entropy density ratio (obl/s and odm/s) as a function of Ft. 
The ratio (XblI 's is shown as a solid line, while a dashed line is used for cidm/s. For the plot, 
parameters T = 3.1 x 10 3 GeV, €bl = 1.0 x 1CT 7 , k 3 = 0.70 and y 3 = 0.14 are used. 



metries generated by the decay of the inflaton Ni, which are defined as 



ln2 Im 



'hj 'hi ,L kj u ki 



in 



In 2 Im[K?< 2 ] 
£dm - -tf~\ — zrr. — ,, uXT- ( 3 -* 



|ki| 2 /4+|/i^| 2 ' ~ 16^1^12/4+1^)1 



In FigfS], the time-development of the ratios between the asymmetries and the 
entropy density (o^l/s and cidm/s) are shown with assuming that all asymmetries are 
generated by the inflaton decay into leptons, namely, e#L ^> £dm- Here, the entropy 
density is defined by s = (2ii 2 /4:5)g*T 3 . In this plot, parameters T, €bl, and k 3 are 
set to be 3.1 x 10 3 GeV, 1.0 x 10~ 7 , and 0.70, respectively. Parameters K\ and k 2 are 
assumed to be small enough compared to K3. We also assume that active neutrinos have 
the hierarchical mass spectrum in order to fix the parameter yi. In this calculation, 
we set y 3 = 0.14 and yi, y 2 <C y 3 - It can be seen that a suitable number of dark 
matter asymmetry is generated by the B — L asymmetry through the ADM messenger 
interaction. It is also worth noting that higher-dimensional operators in Eq. (12.2ft give 
not only the messenger interaction but also washout effects on generated asymmetries 
as can be seen in the equations describing the asymmetries. Thanks to the effects, the 
generated B — L asymmetry a BL /s can be ~ 10~ 10 even if ebl is not so small. 
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3.4 Baryon and dark matter abundances 

Once the dark matter asymmetry is generated, it is translated to the dark matter 
density in the present universe through annihilations between dark and antidark matter 
particles. When the cross section of the annihilation is larger than 0(1 — 10) pb, 
either X or X, depending on the sign of the asymmetry apM, dies away from the 
universe [20J. In our setup, there are several annihilation processes, XX — > H u Hd 
(s-channel exchange of S), XX — > SS (t- & u-channel exchanges of X), XX — > 
H u Hd (t-channel exchange of X), etc. For instance, the annihilation cross section of 
XX H u H d is estimated to be (<rv) ~ 50A^(lTeV/m^) 4 (m/lTeV) 2 (pb), so that 
the symmetric part of the dark matter is annihilated away naturally, the Surviving one 
has a role of the dark matter observed today. Using the asymptotic value of the yield 
of the asymmetry [odm/s]oo, the abundance of the dark matter in the present universe 
is given by 

2 m[a DM /s]ooSo . . 

^Dhih ~ t— , (3.9) 

Pc/h 2 

where so — 2890 is the entropy density of the present Universe, and p c /h 2 ~ 1.05 x 10~ 5 
(GeV/cm~ 3 ) is the critical density. On the other hand, the baryonic abundance is 
determined by the B — L asymmetry. When the temperature of the Universe becomes 
as low as 100 GeV, the sphaleron process is frozen out, and, after that, B and L are 
conserved individually. The relation between B and B — L after taking account of 
finite mass effects is given by Bj [B — L) ~ 0.31 [2]. Using the asymptotic value of the 
yield [ob.l/s]ooj the baryonic abundance in the present universe is determined by 

Pc/h 2 

where m p ~ 938 MeV is the mass of a nucleon (proton). 

In FigEl we show the contour plot of the dark matter mass m which gives a correct 
value of Vt DM h 2 observed by the WMAP experiment (f^M — 0.110//i 2 ). The plot is 
shown on the (Trh, «3)-plane, where the reheating temperature is defined by Trh = 
O.l(rMpi) 1 / 2 . On the other hand, 6bl is set to give the correct baryonic abundance 
(fig xp ° ~ 0.0227//i 2 ). Other parameters are fixed to be the same as those in the 
previous figure. It can be seen that the mass of dark matter m can be of the order of 
the TeV scale. This fact is very welcome because the supersymmetric mass term of the 
dark matter field mXX may have the same origin as that of the p term (supersymmetric 
Higgsino mass term). In the plot, the value of €bl is also shown. The definition of 
the parameter in Eq. (I3.8[) suggests that tBL takes a value of ~ 10~ 6 when k ~ 1 and 
y rsj 0.1 with the complex phase of i/i being O(0.1 — 1). Interestingly, it can be found 
that the parameter of this order is consistent with the dark matter with the TeV-scale 
mass. 
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Figure 3: Dark matter mass as a function of Trh and K3. At each point, black dashed lines 
show €bl giving the correct baryon asymmetry cib/s ~ 8.3 x 10~ n , while blue lines show 
the dark matter mass m giving the correct dark matter abundance Qdm^ 2 — 0.110. In the 
shaded region, the relic abundance of the dark matter cannot be explained by asymmetric 
dark matter scenario, because the dark matter annihilation cross section is suppressed due 
to large dark matter mass. 



3.5 Direct dark matter production from N\ decay 

In the previous subsection, we have assumed that the dark matter asymmetry is orig- 
inally coming from the inflaton decay into leptons (tBL ^> £dm) through the ADM 
messenger interaction. However, it is also possible to consider the case where the 
asymmetry comes directly from the inflaton decay (€bl ~ &dm)- This possibility is 
also of interest, because the dark matter asymmetry can be as large as the B — L 
asymmetry even if Trh is low. The washout effect and the ADM messenger interaction 
are not active in such a low reheating temperature because the reaction rates of these 
processes are proportional to T^ H , while that of the inflaton decay is proportional to 
Trh- As a result, the produced asymmetries clbl/s and cidm/s are determined by 
€bl and €dm, respectively. This is also a simultaneous generation of baryon and dark 
matter asymmetries, which is different from the conventional ADM [2] and the darko- 
genesis (baryogenesis from dark sector) [El U\ scenarios. In FigHJ the dark matter mass 
m giving the correct value of Q^Mh 2 with Trh = 10 7 GeV is shown as a function of 
€dMi where €bl is set to be 1.9 x 10~ 4 which gives cib/s ~ 8.3 x 10~ n . It can be seen 
that a suitable number of cidm/ s can be produced with the TeV-scale dark matter even 
if the reheating temperature is small. 
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Figure 4: The mass of the dark matter giving the correct value of the dark matter abundance 
with T RH = 10 7 GeV. We set e B L = 1.9 x 10 -4 , which gives a B /s ~ 8.3 x 10 -11 . 

4 Conclusions and discussions 

We have proposed a simple mechanism for generating the suitable baryon asymmetry 
and dark matter energy density through the decay of inflaton, which is identified as 
the right-handed sneutrino. At first, the lepton asymmetry is generated by the decay 
of the inflaton and then the asymmetry is transferred into the suitable dark matter 
asymmetry through the ADM interaction. We have simply added the dark and antidark 
matter fields to the Lagrangian of the sneutrino inflation and then the most important 
ingredient of the ADM scenario, namely the ADM messenger interaction can be derived 
naturally as a nonrenormalizable operator suppressed by an appropriate energy scale. 
As a result, important cosmo logical issues (inflation, dark matter and baryon mass 
densities of the universe) and neutrino masses and mixing have the same origin in 
the model of sneutrino inflation with the ADM, that is, the unification of inflation, 
baryogenesis, and dark matter. Since the proposed model is written in terms of a 
renormalizable theory, it is regarded as a UV-completion of the ADM scenario. 

Finally, we comment on neutrino oscillation, which requires suitable neutrino mass 
hierarchy and mixings among three generations. As for mass hierarchy, neutrino 
Yukawa couplings in our model are hierarchical as Max. [h$] ~ 10 -3 and Max.[/i^] ~ 
0.1 = 2,3), where index "1" denotes the lightest neutrino field. Therefore "1" 
can be the 1st or 3rd generation, which corresponds to normal hierarchy or inverted 
hierarchy neutrino mass eigenvalues, respectively. (Notice that a degenerate neutrino 
is not allowed.) As for generation mixing, we can obtain a suitable MNS matrix by 
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taking into account mixings from charged lepton side. (Un)fortunately, there are un- 
determined degrees of freedom in Yukawa couplings of charged lepton in our setup. 
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